levels are associated with AD status or mutation status. We also performed genetic studies to identify genetic variants associated with CSF sTREM2 levels. CSF, but not plasma, sTREM2 was highly correlated with CSF total tau and phosphorylated-tau levels (r = 0.35, P < 1×10 ; r = 0.40, P < 1×10 −4 , respectively), but not with CSF Aβ42. AD cases presented higher CSF sTREM2 levels than controls (P = 0.01). Carriers of NHD-associated TREM2 variants presented significantly lower CSF sTREM2 levels, supporting the hypothesis that these mutations lead to reduced protein production/function (R136Q, D87N, Q33X or T66M; P = 1×10 −3 ). In contrast, CSF sTREM2 levels were significantly higher in R47H carriers compared to non-carriers (P = 6×10 −3 ), suggesting that this variant does not impact protein expression and increases AD risk through a different pathogenic mechanism than NHD variants. In GWAS analyses for CSF sTREM2 levels the most significant signal was located on the MS4A gene locus (P = 5.45 × 10 −07 ) corresponding to one of the SNPs reported to be associated with AD risk in this locus. Furthermore, SNPs involved in pathways related to virus cellular entry and vesicular trafficking were overrepresented, suggesting that CSF sTREM2 levels could be an informative phenotype for AD.
Introduction
The gene encoding the triggering receptor expressed on myeloid cells 2 (TREM2, MIM 605086), a signaling receptor involved in microglial activation, is known to be involved in several neurodegenerative disorders.
3
Homozygous loss-of-function mutations in TREM2 were initially associated with an autosomal recessive form of early-onset dementia, polycystic lipomembranous osteodysplasia with sclerosing leukoencephalopathy (PLOSL; MIM 221770), also known as Nasu-Hakola disease (NHD) [20, 28, 34, 36, 37] . Subsequently, TREM2 mutations were also found in frontotemporal (FTD)-like dementia cases without any bone-associated symptoms [19] . In 2013 several studies reported the association of the R47H genetic variant in AD risk with Odds Ratios similar to those of APOE [3, 4, 6, 18, 22, 23, 31] . Subsequent studies replicated this association in several populations and reported additional coding variants in TREM2 that increase AD risk [14, 22, 23] . Jin et al. performed deep-resequencing in TREM2 in 3730 European Americans, replicating the association of R47H, and finding that the R62H variant is also associated with risk (P = 2.36 × 10 −4
, OR = 2.36) [22] . The R62H variant has been also associated with AD risk in Belgian population [14] . Additionally other three variants that are in perfect linkage disequilibrium (T96K, L211P, and W191X) have been reported to be associated with AD status in AfricanAmerican, but not in Europeans [14, 18, 22, 23, 25] .
A soluble form of TREM2 (sTREM2) is detected in the cerebrospinal fluid (CSF) and plasma or serum and very likely derives from proteolytic cleavage of the surface receptor [39] . Our previous studies have shown that sTREM2 levels in the CSF are elevated in multiple sclerosis (MS) [39] and other inflammatory central nervous system (CNS) diseases. A recent study reported that CSF sTREM2 levels were significantly lower in AD cases compared to controls [27] . Up to now, no reports have replicated these findings in an independent dataset. Additionally, the impact of the AD-associated variants on CSF sTREM2
has not yet been explored [27] . In this study we analyzed the correlation of CSF sTREM2 levels with AD status, and determined whether CSF sTREM2 is associated with other well-known biomarkers for AD (CSF tau and Aβ) or different risk-variants status for TREM2 (R47H, R62H and T96K/L211P/W191X). Additionally, we performed genetic studies using CSF sTREM2 levels as a phenotype to identify novel variants and genes regulating sTREM2 levels or implicated in AD.
Materials and methods

Study population
CSF and plasma samples were collected at the Ospedale Maggiore Policlinico, University of Milan, Italy and at the Knight Alzheimer's Disease Research Center (ADRC) at Washington University in St. Louis. A total of 107 cognitive normal individuals, 73 AD cases and 40 TREM2 carriers (9 R47H, 10 R62H; 5 NHD-associated mutations and 16 T96K/L211P/ W191X) were included in the study (8 non-demented individuals, 18 AD cases and 4 TREM2 carriers from the Ospedale Maggiore Policlinico; 99 non-demented individuals, 55 AD cases and 36 TREM2 carriers from the ADRC). Symptomatic cases received a diagnosis of dementia of the Alzheimer type using the National Institute of Neurological and Communication Disorders and Stroke-Alzheimer's Disease and Related Disorders Association criteria for probable AD [33] . Disease severity was measured using the clinical dementia rating (CDR) [35] . CDR 0 corresponds to cognitively normal, whereas CDR 0.5, 1, 2 and 3 correspond to very mild, mild, moderate and severe dementia, respectively. Most AD cases included in this study had very mild or mild dementia (CDR 0.5 or 1), but five cases with moderate dementia (CDR 2). Additionally CSF sTREM2 levels were also measured in ten frontotemporal dementia (FTD) cases from the Ospedale Maggiore Policlinico as a comparison. CSF from both sites was collected by lumbar puncture (LP) after overnight fasting, centrifuged and frozen at −80 °C as described previously [16] . Blood was collected at the time of LP and serum or plasma was obtained by centrifugation and stored at −80 °C. Apolipoprotein E (APOE) genotypes were determined by the Knight ADRC Genetics Core and CSF samples were analyzed by immunoassay for β-amyloid 1-42 (Aβ42), total tau, and tau phosphorylated at threonine 181 (p-tau) (INNOTEST, Fujirebio, Ghent, Belgium) [16] . CSF Aβ42, total tau, and p-tau were only available for the Knight-ADRC samples. Table 1 shows demographic characteristics of cases and controls. All individuals were of European descent. Study protocols were approved by local ethics committees at the two sites. Written informed consent was obtained for all study participants [11, 21, 22, 41] .
ELISA for human sTREM2
Soluble TREM2 levels were measured by enzyme linked immunosorbent assay (ELISA) as described previously [39] . Briefly, an anti-human TREM2 monoclonal antibody (clone 20G2) was used as capture antibody and coated overnight at 4 °C. For detection, a biotinylated mouse antihuman TREM2 mAb (clone 29E3) was incubated for 1 h at room temperature. Recombinant soluble human TREM2 (Sino Biological Inc.) was used to generate the standard curve. One sample was included in all assays with an interassay coefficient of variation of 5 %.
Genetic studies
For the analyses, we used the log-transformed values to approximate CSF sTREM2 levels to a normal distribution. Genome-wide genotype data was available for the Knight-ADRC samples only. We identified unanticipated duplicates and cryptic relatedness using pair-wise genome-wide estimates of proportion identity by descent (IBD) using PLINK1.9 [8] . When duplicate samples or a pair of samples with cryptic relatedness was identified, priority was given to samples with higher genotype call rates. Principal component analysis (PCA) was conducted using PLINK1.9 [8] .
Samples were excluded if not within the CEU cluster. Samples were genotyped on either the Illumina 660 Chip, Omniexpress Chip, Biobank or HumanExomeCore. QC, and imputation was performed as described previously [13, 26] .
Gene ontology over-representation analyses
Before analysis, GWAS SNPs were pruned using the clump function in PLINK v1.9 [8] . Significance threshold for index and clumped SNPs was 1 to include all SNPs. SNPs were clumped if they were within 1 Mb and in LD with the index (r 2 = 0.8). Index SNPs were mapped to genes using a gene map created from the Table Browser tool on the UCSC genome browser using the February 2009 (GRCh37/ hg19) assembly. SNPs were mapped to a gene if they were located within 20 kb of that gene; if SNPs were mapped to more than one gene, all genes were included in the analysis. Gene ontology analyses were performed using the Protein Analysis Through Evolutionary Relationships (PAN-THER) statistical over-representation test v9.0 (http://www. go.pantherdb.org) which used data from the Gene Ontology Consortium (GOC) (http://www.geneontology.org). PAN-THER utilizes a binomial distribution test to calculate overrepresentation of candidate genes, relative to background, for different gene ontology (GO) terms. Background gene sets came from each tool's default which included 20,814 genes for PANTHER (based on total number of genes in the human database from Ensembl, April 2014). PAN-THER tested each GO term type separately; further separating genes that were manually assigned to that term based on experimental evidence from those assigned electronically based on bioinformatics algorithms.
Genetic hereditability for CSF TREM2
The algorithm Genome-wide Complex Trait Analysis (GCTA) was used to estimate the proportion of phenotypic variance explained by genome-wide SNPs [43] .
Statistical analyses
Data were analyzed using Mann-Whitney test when two groups were compared, Kruskal-Wallis test for multigroup comparison and Pearson correlation coefficient for correlation analyses (GraphPad Prism, GraphPad Software). CSF sTREM2 protein levels were tested for association using an additive model in PLINK v1.9 [8] . Covariates were study, age, gender, and two principal component factors for population structure. Bonferroni corrected statistical significance was defined as P < 5×10 −8 and P < 1×10 −5 was considered suggestive association. The genomic inflation factor was 1.002, indicating no inflation due to population stratification. The analyses presented in the main text of the manuscript were performed excluding the outliers (4 subjects) for CSF sTREM2 and tau levels. Analyses including all the samples can be found in the supplementary material (supplementary Fig. 1 ).
Data availability
All the phenotypic and genetic data is available to qualified investigator by applying to the Knight-ADRC (http://www. adrc.wustl.edu/Research/ResourceRequest.htm).
Results
Correlation of CSF sTREM2 levels with demographic features and CSF biomarkers
Levels of sTREM2 in the CSF were evaluated for potential correlation with demographic variables including age at LP and gender ( Fig. 1; supplementary Fig. 1 ). Soluble TREM2 levels were correlated with age (Pearson r = 0.28; Fig. 1a ) and were slightly but significantly higher in males compared to females (mean ± SD were 1080 ± 507 and 903 ± 373 pg/mL, respectively; P = 0.017 by Mann-Whitney test; Fig. 1b) . Levels of sTREM2 in the CSF did not correlate with its levels in plasma (r = 0.04, P = 0.20; Fig. 1c ) supporting the hypothesis that CSF sTREM2 is produced in situ. Next, to further explore the possible role of sTREM2 in AD pathology, we used samples from the Knight-ADRC (Washington University) to investigate the correlation of its CSF levels with other AD-related CSF biomarkers, including Aβ42, tau and p-tau. Soluble TREM2 levels did not correlate with CSF Aβ42 (r = −0.04, P = 0.53; Fig. 1d ), but did correlate with tau (r = 0.35, P < 0.0001; Fig. 1e ) and p-tau (r = 0.40, P < 0.0001; Fig. 1f ). These analyses were done excluding outliers, but similar results were obtained when those were included (supplementary Fig. 1 ). This suggests that sTREM2 levels in the CSF may reflect underlying pathological processes related to AD pathology.
sTREM2 levels in the CSF and peripheral blood of subjects with dementia
A recent study reported that in AD cases (n = 56) CSF sTREM2 levels were lower than controls (n = 88) [27] . In this study we tried to replicate those findings but on a larger and very well characterized dataset. Soluble TREM2 levels were measured in the CSF in 107 non-demented CDR = 0 participants and 73 AD cases (CDR > 0) ( Table 1 ; Fig. 2; supplementary Fig. 2) . All of the samples were screened for TREM2 variants, and only non-TREM2 variant carriers were included in these analyses. In our dataset, we saw that the CSF sTREM2 levels were significant higher in AD cases compared to controls [median and range: 1028 (244-2570) and 832 (163-2196) pg/ml, respectively; P = 0.015; Fig. 2a ]. In this analysis two outliers were excluded (one in each group), but the results do not change when they are included (supplementary Fig. 2a ). In contrast, we did not see any significant differences in sTREM2 plasma levels between the two groups [1019 (190-2546) vs. 976 (65-2477) pg/ml in AD cases and controls, respectively; P = 0.74; Fig. 2b ]. Similarly, we show that FTD cases had significantly higher CSF sTREM2 levels [median and range: 1420 (492-2232) pg/ml] compared to controls (P = 0.002; supplementary Fig. 3 ), but no differences were observed in plasma sTREM2 between the groups (data not shown). Fig. 1 Correlation between CSF sTREM2, and CSF Aβ, tau, p-tau181 and plasma TREM2. a CSF sTREM2 levels are mildly correlated with age and b they are higher in males compared females. c CSF and plasma TREM2 levels are not correlated. d CSF sTREM2 levels are not correlated with CSF Aβ42, but they are significantly correlated with e CSF tau and f p-tau. Pearson correlation was used for correlation analyses. Mann-Whitney test was used for two group comparison. Association of CSF sTREM2 levels with age and gender was performed using samples from Ospedale Maggiore Policlinico and the Knight-ADRC, while the association with CSF Aβ42, tau and p-tau only includes samples from the Knight ADRC Next, we tested if there was an association between CSF sTREM2 levels and TREM2 variants. We measured sTREM2 in participants carrying different variants associated with increased AD risk (risk variants) or causative of NHD (pathogenic variants in homozygous state). CSF was available from participants carrying the R47H (n = 8; 3 CDR 0, 3 CDR 0.5, 2 CDR ≥1), R62H (n = 10; 5 CDR 0, 5 CDR 0.5) and the T96K/L211P/W191X (n = 15; 13 CDR 0, 2 CDR 0.5) risk variants associated with AD [22, 23] . Levels of sTREM2 were also measured in the CSF of individuals heterozygous for the NHD-associated variants R136Q, D87N, Q33X, T66M (n = 5, one for each genotype, but 2 carriers of Q33X), which in homozygosis cause NHD. Clinically, the carriers of NHD-associated pathogenic variants were diagnosed with AD, with exception of one D87N carrier with normal cognitive function. Notably, levels of sTREM2 in the CSF of individuals carrying the risk variant R47H were significantly higher compared to the non-carrier group (CDR 0; n = 95) [median (range): 1732 (922-2452) vs. 856 (227-2196) pg/ml, respectively; P < 0.0001, Fig. 3; supplementary Fig. 4 ]. In contrast, CSF sTREM2 levels in individuals carrying pathogenic TREM2 variants [379 (162-511) pg/ml] were significantly lower compared to the non-carrier groups (P < 0.0001; Fig. 3 ). Similarly the T96K/L211P/W191X carriers [626 (373-1284) pg/ml] had also lower sTREM2 levels compared to controls. We did not find a significant difference in CSF sTREM2 levels in R62H [818 (239-1830) pg/ml] compared to non-carrier controls. In this analysis 2 outliers were excluded (one R47H carrier and one in the T96K/ L211P/W191X group), but the results did not change if included (supplementary Fig. 4 ).
Genetic architecture of CSF sTREM2 levels
Before performing any analysis, stringent quality control (QC) in both the genotype and the phenotype data was performed. For phenotype data we confirmed that the CSF sTREM2 level followed a normal distribution after log transformation. We also performed a stepwise regression analysis to include only the covariates that showed a significant association with CSF sTREM2 levels. We only included CSF sTREM2 levels for those individuals with no TREM2 coding variant. A total of 156 samples were included in the analyses. We used linear regression to test the additive genetic model of each SNP for association with CSF sTREM2 levels after adjustment for age, gender and the two principal component factors from population stratification analysis. A total of 7,566,684 imputed and genotyped SNPs were included. The inclusion of CDR or case/control status did not change the results significantly. No evidence of systematic inflation of P values was found (λ = 1.0057). To estimate the proportion of variance in CSF sTREM2 levels explained by genetic variants we used a genome-partitioning analysis [43] . Approximately 37 % (P = 0.003) of the variability in the CSF levels are explained by common variants (minor allele frequency >2 %), suggesting that CSF sTREM2 levels is highly regulated by common variation.
Despite the large proportion of the trait variability explained by common variants, we were not able to find any genome-wide significant signal, likely because of the limited sample size. However, the most significant signal was located on chromosome 11 in the membranespanning four-domains subfamily (MS4A) gene locus (rs4939338, P value 5.45 × 10
−07
). Interestingly, this is the SNP associated with AD risk in the International Genomics of Alzheimer's Project (IGAP) GWAS (P value for AD risk = 1.01 × 10 −14 ) (Fig. 4) . None of the SNPs in this locus were coding (supplementary Table 1 ), but some SNPs had a strong Regulon-DB Score (http://regulomedb. org/; rs61900467; score 3A and rs1582763 score 1f); suggesting that they could affect gene expression. Other loci identified by these analyses included PLD5 (rs74797562; P = 5.85 × 10 −05
) and PLA2G4E (rs7182355; ) which has been recently reported to be associated with CSF APOE levels [12] . An annotated list including all the SNPs with a P < 10 −5 can be found in supplementary Table 1 .
Pathway analyses
In the PANTHER analysis of the pruned CSF GWAS results there were three categories with P values lower than 10
and five categories with lower than 10 −5 ( Table 2) . Interestingly, the most significant categories are related to endocytosis and virus entry into host cells (receptor-mediated endocytosis of virus by host cell, P = 4.79 × 10 −06 ). Other categories are also related to intracellular vesicular trafficking, including caveola assembly (P = 8.51 × 10 ).
Discussion
Genetic studies in European-American (EA) and African-American (AA) populations demonstrate that there are multiple TREM2 genetic variants that increase risk for AD [18, [22] [23] [24] . The R47H variant has shown the most significant association to AD risk in EA populations. Additional variants reported to be associated with AD risk are the R62H [14, 22] and nine others (R52H, T66M, R136W, R136Q, H157Y, W191X, E202D, H215Q and T223I) which were exclusively found in AD cases [22] . However, . There were no hits at genome-wide significance (5 × 10
−8
). b Regional plot for the most significant loci, which is located on the MS4A gene locus and overlaps with the same chromosomic region for risk for AD the mechanisms by which they affect TREM2 function or increase AD risk are unknown. Furthermore, homozygous loss of function mutations in TREM2 are known to be the cause of NHD [28] and of some FTD-like cases [19] . In this study, we analyzed sTREM2 levels in CSF and plasma in AD cases compared to cognitively normal controls and in TREM2 mutation carriers. The goal was to evaluate a potential role of sTREM2 in AD pathogenesis as well as the impact of TREM2 genetic variants on sTREM2 levels. TREM2 is expressed on microglia [38, 39] , with the release of sTREM2 in the extracellular space mainly due to proteolytic cleavage of the surface receptor [27] . We have shown that sTREM2 levels in the CSF are increased in individuals with inflammatory CNS diseases [39] . This supports the hypothesis that CSF sTREM2 levels could reflect microglia activation state as inflammation is associated with reactive microglia. To date only one report has investigated sTREM2 levels in individuals with dementia and reported lower CSF sTREM2 in AD and FTD cases compared to controls without apparent CNS disease [27] . In contrast, in our larger (n = 180) dataset we found significantly higher CSF sTREM2 in AD and FTD cases compared to cognitively normal controls (CDR 0). The discrepancy between our results and what was previously reported may be due to differences in the cohorts that were analyzed, especially on the selection of controls and cases. Control subjects included in our analyses were cognitive normal individuals with CSF Aβ and tau biomarkers compatible with non-AD cases (high Aβ and low tau levels). In addition, most of AD cases included in our study had very mild or mild dementia (CDR 0.5 and 1), while disease severity of AD cases was not reported in the study published by Kleinberger et al. [27] . TREM2 expression by microglia could change when disease progress based on degree of cell activation, inflammation and tissue loss. Therefore, the selection of AD cases can also explain the discrepancy between our results and what previously published. In any case, additional studies are needed to determine how CSF sTREM2 levels are correlated with diseases status and progression in AD. Notably, this study shows that CSF sTREM2 levels are increased also in FTD cases (with unknown underlying pathology) compared to healthy controls (supplementary Fig. 3) . In a previous study, we found that CSF sTREM2 is increased also in MS patients [39] . All together these findings suggest that elevated CSF sTREM2 levels are not a specific maker of AD but a more general marker of microglia activation and neurodegeneration. Therefore, very likely CSF sTREM2 levels could be affected in other neurodegenerative disorders.
In our study, we specifically excluded from the analysis all TREM2 mutation carriers that can potentially skew the data. In fact, the amount of sTREM2 shed in the extracellular space is likely influenced by TREM2 genetic status as TREM2 mutations can affect protein production, maturation and cleavage. This was previously demonstrated in an in vitro system [27] , but has not been investigated in vivo in TREM2 variant carriers. We have also measured soluble TREM2 in individuals carrying different TREM2 genetic variants, including those associated with increased AD risk and those that in homozygosis can cause NHD. We found that the NHD mutation carriers (heterozygous for the mutation) present significantly lower CSF sTREM2 levels compared to cognitively normal controls. This is consistent with what has been previously reported in one subject carrying a NHD mutation (T66M) in homozygosis [27] and could reflect defective protein production, maturation, surface expression or cleavage. On the other hand, we found significantly higher CSF sTREM2 levels in individuals with the AD-associated R47H variant. This variant was shown to minimally affect TREM2 protein expression on the cell surface and release in the extracellular space as a soluble form [27] . Overall, these findings indicate that AD and NHD-associated variants can predispose to CNS pathology by different functional mechanisms. Low sTREM2 levels in NHD-associated variants suggest that the pathology is due to loss of function, as reported by other studies [15, 17, 36] . More complex mechanisms could be implicated in AD-associated variants (e.g. R47H). Much of the uncertainty relates to the fact that TREM2 exact function and its ligand are still elusive though a recent report demonstrates that ApoE and specific classes of lipids bind and activate TREM2 [1, 2, 42] .
Despite our relatively limited sample size, our genetic analyses suggest that a large proportion of the CSF sTREM2 variability can be explained by common genetic variants (MAF >2 %) (h = 0.37; P = 0.003). As a comparison, a GWAS study of CSF levels of tau and p-tau estimated that the genetic effect of all the coding variants were around 6-9 % and the genome-wide significant association located in APOE explained only 0.25-0.29 % of the variability of CSF tau and p-tau levels [13] . Our GWAS analyses suggest that CSF sTREM2 levels could be an informative endophenotype for genetic studies. First, the most significant signal is located on the MSA4 gene cluster, which was reported to be associated with AD risk [29] . Second, and more importantly, the top SNP for the CSF TREM2 (rs4939338,
), is also one of the top SNPs for the GWAS for AD risk (P value for AD risk = 1.01 × 10 −14 ), indicating that the same signal is detected by the two phenotypes (sTREM2 levels in CSF and AD risk). The MS4A gene family encodes cell membrane proteins, the functions of which are still poorly understood but with a possible role in immune cells [32] . At present, it is unknown whether and how MSA4 genes interact with TREM2. Interestingly, among the closest gene to the GWAS top hits are MS4A6A, MS4A4A and MS4A7, and both MS4A6A, and MS4A7 are highly expressed in microglia, as is the case of TREM2 [44] . This suggests that either MS4A6A or MS4A7 could interact directly or indirectly with TREM2. Pathway analyses further support CSF sTREM2 as an informative endophenotype for AD. TREM2 is expressed in innate immune cells (e.g. dendritic cells and macrophages) implicated in host defense [9] while in the CNS TREM2 is involved in microglia activation and phagocytosis in response to injury [7, 42] . Consistently with this, our genetic analyses found an enrichment of pathways involved in virus endocytosis, transport and intracellular vesicular trafficking.
In previous studies the TREM2 locus, and specifically the R47H variant has been shown to be associated with CSF p-tau levels [5, 13, 30] . In this study we found that CSF sTREM2 and p-tau levels are correlated (r = 0.35, P < 0.0001), suggesting a biological relationship between these two soluble proteins. Recent studies have also identified CSF YKL40 and VILIP1 levels as novel biomarker for AD [10, 40] , which are highly correlated with CSF p-tau levels (YKL40; r 2 = 0.59; VILIP1; r 2 = 0.62), and very likely expression of neuronal death or injury [10, 40] . Along these lines sTREM2 levels in the CSF, which we found to be elevated in AD and FTD cases, could be a novel biomarker for neurodegeneration. On the other hand, the MS4A SNP (rs4939338) was not associated with CSF p-tau (P = 0.54 [13] ), suggesting that in this case the MS4A locus increases the risk for AD through a TREM2-and not tau-dependent mechanism.
TREM2 coding variants present very low frequency on the population (MAF < 0.5 %), therefore it is difficult to identify a large number of variant carriers. In this study we identified 40 carriers for TREM2 coding variants with CSF available that allowed us to perform variant-specific analyses. To our knowledge this study has analyzed CSF TREM2 levels on the largest number of TREM2 variant carriers up to date. Additionally, our genetic studies provide new clues about TREM2 biology in microglia. However, given the limited sample size of variant-specific CSF and genetic analyses additional studies in larger datasets are needed to confirm these findings.
